PURPOSE. Wayfinding, the process of determining and following a route between an origin and a destination, is an integral part of everyday tasks. The purpose of this study was to investigate the impact of glaucomatous visual field loss on wayfinding behavior using an immersive virtual reality (VR) environment.
PURPOSE. Wayfinding, the process of determining and following a route between an origin and a destination, is an integral part of everyday tasks. The purpose of this study was to investigate the impact of glaucomatous visual field loss on wayfinding behavior using an immersive virtual reality (VR) environment.
METHODS. This cross-sectional study included 31 glaucomatous patients and 20 healthy subjects without evidence of overall cognitive impairment. Wayfinding experiments were modeled after the Morris water maze navigation task and conducted in an immersive VR environment. Two rooms were built varying only in the complexity of the visual scene in order to promote allocentric-based (room A, with multiple visual cues) versus egocentricbased (room B, with single visual cue) spatial representations of the environment. Wayfinding tasks in each room consisted of revisiting previously visible targets that subsequently became invisible.
RESULTS. For room A, glaucoma patients spent on average 35.0 seconds to perform the wayfinding task, whereas healthy subjects spent an average of 24.4 seconds (P ¼ 0.001). For room B, no statistically significant difference was seen on average time to complete the task (26.2 seconds versus 23.4 seconds, respectively; P ¼ 0.514). For room A, each 1-dB worse binocular mean sensitivity was associated with 3.4% (P ¼ 0.001) increase in time to complete the task.
CONCLUSIONS. Glaucoma patients performed significantly worse on allocentric-based wayfinding tasks conducted in a VR environment, suggesting visual field loss may affect the construction of spatial cognitive maps relevant to successful wayfinding. VR environments may represent a useful approach for assessing functional vision endpoints for clinical trials of emerging therapies in ophthalmology.
Keywords: glaucoma, wayfinding, virtual reality, sense of direction, cognitive map W ayfinding is the process of determining and following a path or route between an origin and a destination. 1 As a process humans use to orient and navigate on foot or with a vehicle, wayfinding is an integral part of people's daily life, occurring in many situations, such as walking inside a home or a building, navigating through a city, or driving across a country. Wayfinding requires the proper encoding, processing, and retrieval of spatial information, during which visual cues are often the main source in perceiving the environment. With vision, a traveler can acquire information about the surrounding environment from which an intended travel path can be planned and obstacles detected and avoided.
By artificially restricting the extent of the field of view, a previous study demonstrated an association between navigational ability and visual field.
2-4 Lovie-Kitchin et al. 4 found that the smaller the solid angle of visual field subtended at the eye, the poorer the performance on a navigation task. As a progressive optic neuropathy, glaucoma is a prototypical disease causing peripheral visual field loss. The disease is the main cause of irreversible blindness in the world, and visual field loss from glaucoma has been shown to impact many daily activities. [5] [6] [7] [8] [9] However, there has been a lack of studies on the impact of glaucomatous visual field loss on efficient wayfinding. Turano and colleagues evaluated mobility performance in glaucoma by investigating the time taken to navigate an established physical travel path. 5 However, their study did not address whether glaucoma subjects had increased difficulty in wayfinding tasks.
There are several difficulties in the study of navigation and wayfinding in humans with real-world tasks. Some derive from the large spatial scale of these tasks, making difficult, for example, the modification or removal of certain visual cues in systematic ways. Real-world navigation experiments may also be difficult for older subjects due to the associated physical effort necessary for repeated observations. New technologic advances have enabled researchers to conduct experiments in virtual reality (VR) settings. VR experiments may elicit responses from human beings similar to those in real situations, 10 with the advantage that experimental conditions can be easily manipulated in systematic and reproducible ways, allowing hypothesis testing of specific factors influencing wayfinding behavior. 11 Furthermore, during VR experiments, participants can have their spatial behavior easily recorded during multiple observations.
The purpose of the present study was to investigate wayfinding behavior and spatial cognition in patients with glaucoma using an immersive VR environment, the Virtual Environment Human Navigation Task (VEHuNT).
METHODS
This was a cross-sectional study conducted at the Visual Performance Laboratory of the University of California San Diego (UCSD). Written informed consent was obtained from all participants, and the institutional review board and human subjects committee approved all methods. All methods adhered to the tenets of the Declaration of Helsinki for research involving human subjects, and the study was conducted in accordance with the regulations of the Health Insurance Portability and Accountability Act.
All participants underwent a comprehensive ophthalmologic examination including review of medical history, visual acuity, slit-lamp biomicroscopy, intraocular pressure measurement, gonioscopy, ophthalmoscopic examination, stereoscopic optic disc photography, and standard automated perimetry (SAP) using the Swedish Interactive Threshold Algorithm with 24-2 strategy of the Humphrey Field Analyzer II (model 750; Carl Zeiss Meditec, Inc., Dublin, CA, USA). Visual acuity was measured using the Early Treatment Diabetic Retinopathy Study chart, and letter acuity was expressed as the logarithm of the minimum angle of resolution. Only subjects with open angles on gonioscopy were included. Subjects were excluded if they presented any other ocular or systemic disease that could affect the optic nerve or the visual field. Optic nerve damage was assessed by masked grading of stereophotographs.
Glaucoma was defined by the presence of repeatable abnormal SAP tests (pattern standard deviation with P < 0.05 and/or a Glaucoma Hemifield Test outside normal limits) and corresponding optic nerve damage in at least one eye. Control subjects had no evidence of optic nerve damage and had normal SAP tests in both eyes. Only reliable SAP tests were included (less than 33% fixation losses or false-negative errors and less than 15% false-positive errors). The severity of visual field loss was represented by the binocular mean sensitivity (MS) of SAP 24-2 test. Binocular MS was calculated as the average of the sensitivities of the integrated binocular visual field obtained according to the binocular summation model described by Nelson-Quigg et al. 12 According to this model, the binocular sensitivity can be estimated using the following formula:
where Sr and Sl are the monocular threshold sensitivities for corresponding visual field locations of the right and left eyes, respectively. In order to calculate the binocular sensitivity from the formula above, light sensitivity had to be converted to a linear scale (apostilbs) and then converted back to a logarithmic scale (decibels). Subjects also completed a general cognitive impairment test, the Montreal Cognitive Assessment Test (MoCA). 13 The MoCA test is a cognitive screening tool developed to detect mild cognitive dysfunction. It assesses different cognitive domains: attention and concentration, executive functions, memory, language, visual-constructional skills, conceptual thinking, calculations, and orientations. It consists of a onepage 30-point test administered by a trained technician in approximately 15 minutes. The total possible score is 30 points, and a score of 26 or above is considered normal. Only subjects with normal scores were included in the study.
VR Environment
VEHuNT was implemented using a derivative of the cave automatic virtual environment (CAVE) VR system, 14 the 4kAVE. The 4kAVE consists of three vertically oriented 4000-pixel resolution, 80-inch, 3D light-emitting diode (LED) screens, with the lateral screens aligned at 458 relative to the central screen ( Fig. 1 ). Proprietary software developed at UCSD for CAVE systems created spatial displays that stimulated approximately 1508 of a person's field of view. Patients sat at a narrow table, wearing polarizing glasses to discern a 3D image during testing, and navigated through the virtual environment using a steering wheel and an accelerator pedal. The VEHuNT assessed subjects' spatial cognition abilities by performing wayfinding FIGURE 1. The VEHuNT consisted of a cave automatic virtual environment (CAVE) used to present an immersive VR environment to study wayfinding tasks. The VEHuNT consisted of three vertically oriented 4K 80-inch 3D LED screens, with the lateral screens aligned at 458 relative to the central screen. Patients wore polarizing glasses to discern a 3D image during testing and navigated through the virtual environment using a steering wheel and an accelerator pedal.
tasks in different sparsely filled virtual rooms with different arrangements of visual cues, such as colored walls, paintings on the walls, and 3D objects.
Subjects were initially given a training session to familiarize themselves in navigating through the virtual environment. During the training session, subjects were initially virtually placed near a wall in a square room and asked to ''drive'' along a green-tiled circular path to a target located in another location in the room. This training paradigm was repeated until subjects were comfortable and adjusted to the virtual environment and the controls.
After the training session, subjects were asked to perform the actual wayfinding series of experiments, which were modeled after the Morris water maze classically used to assess spatial cognition in rat models. 15 Two virtual rooms were built. The two rooms were geometrically identical (20 m 3 20 m 3 3 m) but contained a different set of visual cues designed to assess the impact of visual cues on navigation and spatial cognition in subjects with visual loss. Room A contained multiple peripheral visual cues, with two large symmetric colored wall cues, two asymmetric wall cues (paintings), and two asymmetric floor cues (chair and plant, both located peripherally) (Fig. 2, left) . Due to the presence of multiple visual cues, this room promoted the use of an allocentric reference frame and cognitive mapping to assist wayfinding (see Discussion). The second room (room B) contained only one central cue, a chair near the center of the room (Fig. 2,  right) . The chair had a fixed angle, giving directional position. The presence of a single cue promoted the use of egocentric reference frame-based navigation, decreasing the need of a cognitive map for successful wayfinding. Subjects were initially instructed to drive to a clearly indicated location in each one of the two virtual rooms (visible target), identified by a green cone on the floor. Subjects were instructed to inspect the room and pay attention to the surroundings while driving to the target. Subsequent trials were conducted requiring the patient to revisit the initial location, but the location was no longer visibly marked (hidden target). It only reappeared when the subject's path intersected with the target area (the base of the cone), terminating the trial. Five trials with the target hidden were obtained for each room, with the subjects placed at a different starting position and heading in each. An additional trial with the target visible occurred after the first hidden task in each room to allow subjects who had not noted the target location during the first exposure to do so. The time to complete the task was recorded for each trial and used as outcome metric in the study. In addition, the length of the path taken by subjects from origin to destination was also recorded.
Subjective Assessment of Spatial and Navigational Abilities
The subjective assessment by each individual of his or her spatial and navigational abilities was evaluated by the Santa Barbara Sense of Direction Scale (SBSOD) questionnaire. 16 This self-report questionnaire analyzes everyday tasks such as finding one's way in the environment and learning the layout of a new environment. Participants answered 15 questions using a 7-point Likert scale. It has been previously demonstrated that the questionnaire is internally consistent and has good test-retest reliability. 16 Rasch analysis of the SBSOD questionnaires was performed to obtain a final Rasch-calibrated score of subjective navigational ability for each participant. Correlations of SBSOD scores with performance on a spatial task have been considered as evidence of the ecologic validity of the task. 17 
Statistical Analysis
Descriptive statistics included mean and standard deviation of the variables. Normality assumption was assessed by inspection of histograms and using the Shapiro-Wilk test. Fisher's exact test was used for group comparison for categorical variables. Student's t-test was used for group comparison for normally distributed variables, and Wilcoxon rank-sum (MannWhitney) test was used for group comparison for continuous non-normally distributed variables.
Times to complete wayfinding tasks had a skew toward higher completion times; therefore, a natural logarithmic transformation was applied to reduce skewness. Tobit models were used to investigate the relationship between times to complete the tasks and variables such as diagnosis (glaucoma versus control) and severity of visual field loss. Models were adjusted for potentially confounding effects of age, sex, and race. Tobit models were used because the time to complete the task was limited to a maximum of 120 seconds (ceiling effect). Generalized estimating equations were used to adjust for the correlation between multiple observations (i.e., from multiple trials) from each subject. A robust sandwich variance estimator was used. Statistical analyses were performed with log transformed variables. However, to facilitate interpretation, descriptive results are reported in back-transformed original FIGURE 2. The two rooms used in the experiment. The rooms were geometrically identical but contained a different set of visual cues designed to assess the impact of visual cues on navigation and spatial cognition. Room A contained multiple peripheral visual cues, with two large, symmetric colored wall cues, two asymmetric wall cues (paintings), and two asymmetric floor cues (chair and plant, both located peripherally). The second room (room B) contained only one central cue, a chair near the center of the room. units. For regression models that used log time as dependent variable, we also report results as percent change in time to complete the task for a one-unit change in the independent variables.
All statistical analyses were performed using commercially available software Stata, (version 14; StataCorp LP, College Station, TX, USA). The a level (type I error) was set at 0.05.
RESULTS
The study included 31 glaucoma patients and 20 normal control subjects. Table 1 shows demographic and clinical characteristics of included subjects. Mean age of glaucoma participants was similar between the two groups (72.8 6 7.1 vs. 68.7 6 8.4 years; P ¼ 0.069). There were also no statistically significant differences in sex and race between groups. As expected, glaucoma subjects had significantly worse visual field sensitivity compared to controls, with average binocular MS of 26.9 6 5.7 vs. 31.0 6 1.1 dB, respectively (P < 0.001). Table 2 shows average and 95% confidence interval (CI) of times to complete the wayfinding task for glaucoma and healthy subjects according to the type of room. Significant differences were seen between glaucoma and healthy subjects for hidden target tasks performed in room A (room with multiple visual cues), but not room B (room with central chair only). For room A, glaucoma patients spent an average of 35.0 seconds (95% CI: 31.3-39.1) for performing the wayfinding task, whereas healthy subjects spent an average of 24.4 seconds (95% CI: 21.5-27.7) (P ¼ 0.001; Tobit model). For room B, no statistically significant difference was seen between glaucoma and healthy subjects on average time to complete the task [26.2 seconds (95% CI: 22.6-27.1) versus 23.4 seconds (95% CI: 20.3-27.0), respectively; P ¼ 0.514; Tobit model]. Figure 3 shows histograms of raw times to complete the wayfinding tasks for glaucoma and healthy subjects for each room.
For glaucoma patients, the average time taken to complete the hidden target task in room A was significantly longer than for room B (35.0 vs. 26.2 seconds, respectively; P ¼ 0.008; Tobit model). For normal subjects, there was no statistically significant difference in time to complete the task with hidden target between the two rooms (24.4 vs. 23.4 seconds; P ¼ 0.721; Tobit model).
We also investigated the relationship between time to complete the task and severity of visual field loss in models adjusting for age, sex, and race. Table 3 shows results of Tobit multivariable models investigating the relationship between time to complete the hidden target task and binocular MS for each of the different rooms used in the VEHuNT. A significant relationship between time to complete the task and visual field loss was seen for room A but not for room B. For room A, each 1-dB worse binocular MS was associated with 3.4% (95% CI: 1.5%-5.4%; P ¼ 0.001) increase in time to complete the task. Older age and female sex were also significantly associated with longer times to complete the wayfinding task. Figure 4 illustrates the relationship between predicted times to complete the hidden target task in the different rooms and binocular MS, adjusting for age, sex, and race. Relationship was significantly stronger for room A with R 2 ¼ 57% (95% CI: 44%-70%) compared to room B with R 2 ¼ 11% (95% CI: 0%-23%). In the analysis of path length for the hidden target tasks, no significant differences were seen between glaucoma and controls for any of the rooms (P ¼ 0.930 for room A, and P ¼ 0.800 for room B).
A statistically significant relationship was observed between Rasch scores from the SBSOD questionnaire and time to complete the hidden target tasks in the VEHuNT (P ¼ 0.035; Table 4 ), even after adjustment for age, race, and sex.
DISCUSSION
In the present study, glaucoma patients were found to perform significantly worse than healthy subjects in wayfinding tasks that promoted allocentric-based spatial reference frames to successfully complete the task, suggesting that in the presence of significant visual field loss, glaucoma patients may have difficulty building accurate representations of the spatial structure of an environment. Our results may have significant implications for a better understanding of how vision loss in glaucoma may affect the ability to perform many everyday tasks that are related to wayfinding, such as driving in a city or walking through a building.
Significant differences were seen in the ability of glaucoma patients to perform wayfinding tasks according to the type of virtual environment used. Two different rooms were used, varying only in the complexity of the visual scene. Times to complete the wayfinding tasks were on average over 40% longer for glaucoma compared to healthy subjects for room A. However, no significant difference between the groups was seen for room B. Importantly, when only glaucoma subjects were considered, times to complete the task in room A were significantly longer than in room B. This indicates that the longer times for glaucoma patients were not only the result of worse general performance of this group in wayfinding tasks but also depended on the type of visual scene presented. In agreement with this result, the relationship between time to complete the task and severity of visual field loss was much stronger for room A (R 2 ¼ 57%) than room B (R 2 ¼ 11%). Spatial information is stored in memory according to two general frames of reference: egocentric and allocentric. 18, 19 Egocentric frames of reference use the organism as the center of the organization of surrounding space. By contrast, allocentric frames of reference are centered on external objects or on the environment itself. By having a central chair placed in a fixed orientation in relation to the target, room B promoted an egocentric-based solution to the wayfinding problem. In contrast, room A promoted an allocentric-based strategy to solve the wayfinding problem. In order to successfully complete the task with the hidden target in room A, the subject had to initially build an accurate mental representation of the spatial structure of the environment, or cognitive map, containing the location of the target in relation to the several landmarks or visual cues present in that room. 20 Subsequently, the subject would have to use the cognitive map in order to provide guidance on how to navigate toward the hidden target. Cognitive maps code the spatial relationship between things in the world and can be used to recognize places, compute distances and directions, and help a subject find the way from where the subject is to where the subject wants to be in complex environments. 1 There is evidence that loss of peripheral vision may prevent building of accurate cognitive maps. 21, 22 The peripheral vision helps provide information about the global structure of the environment within each fixation such that when an object appears in the periphery, eye and head movements can bring it to the fovea for further processing and accurate localization. 23 Visual information from successive fixations is then bound together to create cohesive representations of the environment in a cognitive map. Loss of peripheral vision may impede the ability to perform effective visual searches in the environment and attend to navigationally relevant objects. In addition, in the presence of significant peripheral vision loss, the visual information acquired from successive fixations may not be coherent enough to allow an accurate representation of the location of objects in space relative to each other and the global environment structure.
In our study, the loss of peripheral field in glaucoma patients may have made it difficult for them to build an accurate cognitive map of the virtual environment. This Each model for each room adjusted for age, race, and sex. Dependent variable on each multivariable Tobit model was log time to complete the task in each room. Coefficients can be interpreted as the approximate percent change in time to complete the task for one-unit change in the independent variable (for continuous variables) or change in category (for categorical variables). translated later into difficulties in performing the wayfinding tasks with hidden targets for room A. It is possible that the longer times taken by glaucoma patients for room A may represent an increased number of eye fixations necessary to capture spatial relations and build the cognitive map as a result of ineffective visual searches. It is also possible that due to their restricted field of view, some glaucoma patients may never have had the opportunity to code the target relative to a feature in the scene when the target was visible. However, this seems unlikely, as subjects were free to move their heads and eyes as they navigated through the virtual environment during the initial task with a visible target. Future studies employing eyetracking methodology could help clarify these issues and explore the compensatory behaviors associated with visual field loss. Importantly, no differences were found in the times to complete the tasks among the different rooms for healthy subjects. This shows that the delay in completing the task in the more complex room for glaucoma patients was due to the loss of peripheral vision rather than some other inherent characteristic making the task longer in the more complex room.
To the best of our knowledge, our study is the first to assess wayfinding performance in glaucoma patients in a VR environment. The use of VR allows for highly controllable and repeatable experiments. Wayfinding and other metrics derived from VR platform experiments could potentially be used as endpoints for assessment of functional vision in clinical trials of emerging new therapies, and the VR environment described in our study could potentially be used in a variety of eye conditions other than glaucoma. As a more ecologically valid, objective, and reproducible assessment, VR-based platforms could overcome limitations of laboratory-based physical mobility courses. 10 The use of VR for studying navigation tasks has limitations. It is difficult to directly accurately compare the deficits seen in the VR world to those seen in real-world wayfinding tasks since good tests of real-world wayfinding are not readily available. However, several previous studies have shown the validity of VR for assessing wayfinding in a variety of conditions, such as traumatic brain injury and stroke. 10, 11, [24] [25] [26] Shi et al. 27 also showed the benefits of using VR to study wayfinding in emergency evacuations, such as buildings on fire. The significant association shown in our study between wayfinding performance in the VEHuNT and the subjective assessment of navigational ability by the SBSOD questionnaire is indication of its clinical validity. Further, we were able to replicate wellknown results derived from conventional wayfinding studies, such as a significant effect of sex on allocentric but not egocentric-based navigation, [28] [29] [30] as well as a significant effect of age on wayfinding performance. 31, 32 In conclusion, glaucoma patients performed significantly worse than healthy subjects on allocentric-based wayfinding tasks conducted in a VR environment. Our findings suggest that glaucomatous visual field loss may affect the construction of spatial cognitive maps relevant to successful wayfinding, which may translate into significant difficulties in many daily tasks that are wayfinding dependent. VR environments may represent a useful approach for assessing functional vision endpoints for clinical trials of emerging therapies in ophthalmology. 
